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DESIGN OF A LORENTZ, SLOTLESS SELF-BEARING MOTOR FOR SPACE
APPLICATIONS
The harsh conditions of space, the stringent requirements for orbiting devices, and the increasing
precision pointing requirements of many space applications demand an actuator that can provide
necessary force while using less space and power than its predecessors. Ideally, this actuator
would be able to isolate vibrations and never fail due to mechanical wear, while pointing with
unprecedented accuracy. This actuator has many space applications from satellite optical
communications and satellite appendage positioning to orbiting telescopes.
This thesis presents the method of design of such an actuator – a self-bearing motor. The actuator
uses Lorentz forces to generate both torque and bearing forces. It has a slotless winding
configuration with four sets of three-phase currents. A stand-alone software application, LFMD,
was written to automatically optimize and configure such a motor according to a designer’s
application requirements. The optimization is done on the bases of minimum powerloss, minimum
motor outer diameter, minimum motor mass, and minimum length. Using that program, two
sample space applications are analyzed and applicable motor configurations are presented.
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CHAPTER ONE :

Introduction

Problem Definition
The functional requirements of precision pointing and smooth slewing devices in space are
becoming increasingly refined. Such devices are inherently sensitive to vibration, both because of
the delicacy of the payload and instrumentation and also because of the device’s required pointing
and slewing accuracy. Because an object in earth orbit lacks the natural damping of an atmosphere
and contact with the large mass of earth, a vibration within that object could last almost
indefinitely. These vibrations may be generally categorized into two types. External vibrations on
satellites occur during regular events such as when body panels expand and contract under extreme
temperature changes or when thrusters are fired for altitude or course corrections. Vibrations
internal to the pointing system may occur if a particle of debris were to strike the device or if the
device’s operation (i.e. rotating unbalance and electrical noise) produces a vibration.
The ideal space-borne device would be able to reject or absorb any of these vibrations that may
disrupt its proper function. This device would also possess a very long life without significant
performance degradation, due to the difficulty and expense of making repairs in space. Finally, it
would also be relatively low power consumption, weight and size. A low weight actuator has a
twofold advantage over a larger rival in that it is not only less expensive to launch but it is also less
likely to have low-frequency vibration problems.
Some applications that require precision pointing and smooth angular slewing include satellite
appendage positioners, satellite navigation sensor pointers, acquisition and tracking sensors, and
laser communication gimbals [1]. These positioners and sensor pointers often call for a pointing
error of less than two milliradians, while the communication gimbals call for a much smaller error.
This data, along with further details for such examples, are presented in Table 1, an application
comparison matrix [1], [2].
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Table 1-1 Application Comparison Matrix
Satellite
Navigation
Sensor
Pointer

LEO-GEO
Laser
Comm.
Gimbal

GEO Laser
Comm.,
Cross Link

Specification

Units

Satellite
Appendage
Positioner

Pointing Error

µrad

1,750

875

350

<10

Pointing
Stability

µrad

No reqmt.

17

50

<4

Design Life

years

15

15

15

14

Power

watts

Minimize

Minimize

Minimize

Minimize

Actuator Mass

kg

Minimize

Minimize

Minimize

Minimize

Actuator
Volume

m3

Minimize

Minimize

Minimize

Minimize

Torque

N-m

20

5

0.22

13.0

Bearing force

N

100

10

1

66.0

Positioning
Torque

Position
Knowledge

Vibration
Isolation

Position
Knowledge

Critical Test
Parameter

Most current space-based pointing systems utilize mechanical bearings in their gimbals. The
fundamental problems of mechanical bearings include a finite life and decreased reliability and
accuracy due to mechanical wear, lack of vibration rejection and isolation, and excessive weight
and actuator shaft length. These problems are compounded by the environment of space, where
hard vacuum, frequent extreme temperature changes and lack of natural vibration suppression are
present. The effects of these traits on systems that use mechanical bearings are limited gimbal life
and sacrificed functionality for delicate payloads. Until recently, however, precision mechanical
bearings were the best option for pointing systems in space.
Self-bearing motors (also termed integrated motor bearings and bearingless motors) combine
magnetic bearing and motoring functionality into a single magnetic actuator to perform both radial
force and torque production [3]. Such designs reduce the overall length of a motor because no
additional bearings are required. This effectively increases power density, reduces weight and
reduces the susceptibility to rotordynamic vibrations in many applications. Vibration isolation of
the pointing device may be achieved through proper feedback control of the active magnetic
2

bearing. These devices also do not experience the mechanical wear that limits the lifetime and
accuracy of systems with mechanical bearings.
The radial positioning function of mechanical bearings is nonlinear due to stiction, or the stick-slip
phenomenon caused by friction between two sliding surfaces, and due to non-repeatable runout.
Despite best manufacturing efforts, a mechanical bearing journal will wear, thus changing
tolerances within the bearing. This cause of runout will not allow the movement of the rotating
shaft to be consistent.

Because magnetic bearings have no contacting parts, however, non-

repeatable runout and stiction are not an issue.

Background

The usefulness of permanent magnets (PMs) and their magnetic forces has been studied for over a
century. In 1842, Earnshaw developed the first theory describing the inherent instability arising
from using PMs alone to suspend a ferromagnetic body in free space [4]. Then, in the early
twentieth century, scientists published suggested uses of electromagnets in both transportation and
physics. In 1937, Kemper patented a hovering suspension that is the predecessor of magnetically
levitated vehicles (MAGLEV) that are used today [5].

Also in 1937, Beams and Holmes,

researchers at the University of Virginia, suspended and rotated small steel balls at millions of
revolutions per minute [6].
These early researchers and their experiments gave rise to the modern developments of magnetic
bearing technology. The unique advantages of these bearings were also put to use very quickly in
space applications. Beginning in the 1970s, gyroscopes and momentum wheels, proposed for
attitude control of satellites, were supported by magnetic bearings [7]. From the 1980s to present
day, magnetic bearings are used to prevent or dampen vibrations while suspending delicate
instrumentation [8, 9].
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The early theories of using magnetic bearings in the areas of transportation and physics led to two
major areas of application today: MAGLEV and rotor suspension. Many countries either already
implement or are currently constructing MAGLEV transportation systems. Japan and Germany
have become famous for their ‘supertrains’ that may travel at hundreds of kilometers per hour
while riding on an air gap only millimeters thick [10]. These trains have proven to not only be fast,
but also environmentally friendly and very smooth. However, it is the other current area of
application of magnetic bearings, rotor suspension, on which this thesis concentrates. The many
advantages of magnetic bearings over conventional contacting bearings in rotor systems have
fostered much advancement in this field over the last few decades.
The magnetic suspension of rotors has gained popularity due greatly to advancements in both
control design and modeling theory and also the availability of powerful yet increasingly
inexpensive power electronics. In 1975, Schweitzer developed both theoretical and experimental
results for vibration damping of centrifuges using magnetic bearings [11]. Since then, many
companies have begun specializing in other technical applications of these bearings. There are
also annual international conferences held to discuss the most recent developments of magnetic
bearing theory and technology.
Generally speaking, magnetic bearings may be classified into two groups, according to how their
magnetic forces are represented [12]. The first is based on the reluctance force, or Maxwell force.
It is derived from the principle of virtual work. This force acts on the surface of two materials with
different relative permeability, µr, and is perpendicular to the surface of the two materials. The
other group of magnetic bearings is based on the Lorentz force. This force is produced by the
dynamic interaction between a current and a magnetic field.

The forces produced in this

interaction act orthogonal to the flux paths of the field and are linearly dependent on the current.
The magnetic field may be produced by inducing a current from one coil to the next or by
introducing permanent magnets to a current-carrying coil.
In a few of the subcategories within these two main type of magnetic bearings, designs that use
only coils may run by adjusting control currents by detecting inductance in the coils. Since they do
not need any kind of feedback control scheme, they are called ‘passive’ systems [10]. In both
4

general categories of force production, however, many designs use permanent magnets.

As

discussed by Earnshaw [4], stable suspension in all degrees of freedom using PMs is impossible.
Therefore, the stable levitation of a body using permanent magnets must be achieved through
active means, such as a control loop. This constantly compensates the resulting magnetic field for
the motion of the suspended body. This added design technique led to the designation of “active”
magnetic bearings (AMB). Figure 1-1 depicts a simple active magnetic bearing. As the rotor is
levitated, sensors detect the position of the rotor and a microprocessor computes a corresponding
control signal. That signal is amplified into a control current by power amplifiers, and this current
drives the electromagnets that produce the corresponding magnetic field. The controller that is
programmed into the microprocessor determines the suspension of the rotor, including the stability,
stiffness and damping.

Figure 1-1 The Active Magnetic Bearing (AMB) [10]

Since the 1970s, researchers have been combining AMBs with motors. By combining a motoring
unit with a bearing, a shorter and lighter rotor design can be achieved. These were first called
‘bearingless motors’ in 1988 and are defined as “…a magnetic bearing with a magnetically
integrated motor function.” [13] Among other terms, these machines have also been labeled ‘selfbearing motors’.

As discussed earlier, their combined bearing and torque function may be

designed in several ways. The most popular configurations, however, are those that use permanent
magnets to produce a field.
5

Permanent magnet self-bearing motors have been studied by Bischel [14], Chiba [15], Schoeb [16],
and Okada [17], among others, for a variety of applications. One universal trait of these designs is
that the bearing function is provided by Maxwell-type forces, or the attractive forces between the
rotor and stator; and the motoring torque is produced by Lorentz-type forces, or the magnetic
forces on current-carrying conductors in a magnetic field. These forces are demonstrated in Figure
1-2.

Figure 1-2 Demonstration of Maxwell and Lorentz forces.

Maxwell Forces
Maxwell forces are often called reluctance forces because they are derived from the energy stored
in the magnetic field. The force is thus related to the principle of virtual work,

f =

∂W
∂s

(1.1)

where W is the field energy and ∂s is the virtual displacement of the levitated body. Again, this
type of force occurs at the adjoining surface of media with different relative permeability, µr. For
example, in the case of a permanent magnet rotor levitated in air, the Maxwell forces are acting on
the surface of the magnets that are exposed to the air. The greater the difference between relative
permeabilities, the more force is produced.
Maxwell force is limited, however, by the saturation flux density of the PM material, Bsat, and by
the total reluctance of the flux path. Permeability of a material in the magnetic flux path is
6

analogous to the conductivity of the material in an electrical circuit. The reluctance of the material
is analogous to the resistance in an electrical circuit. Materials with higher permeability have a
greater permeance and therefore promote higher flux flow through them [18]. Materials with a
larger reluctance, either via material properties or greater thickness (thus longer flux path), have a
greater resistance to flux flowing through them. Permeability is inversely proportional to the cross
sectional area of the material and directly proportional to the material property, permeance (the
inverse of reluctance). Permeability is therefore also directly proportional to the thickness of the
material. Permeance, and thus permeability, varies with field strength according to a hysteresis
loop. Because of this, the effective permeability of the material is dramatically reduced if the total
field strength passing through any permeable material exceeds the saturation flux density of the
material, Bsat. This, in turn, limits the maximum field strength passing through the materials. In
terms of motor design, there are limits to the amount of achievable air gap flux density due to the
properties of the magnetic materials.
Lorentz Forces
Lorentz forces are those acting on an electric charge, Q, moving through a magnetic field,
according to
f = Q( E + ν × B )

(1.2)

where ν is the velocity of the particle moving through the electrical field, E. Since the energy in
the electrical field is typically many times less (on the order of 10-5 times) than the energy of the
magnetic flux density, B, the electrostatic term may be neglected [18]. And since the product of
charge and velocity is current, this equation may be rewritten as,
f = i×B

(1.3)

In this case, therefore, the force is orthogonal to the flux paths and, in the case of a PM rotor, the
surface of the permanent magnets. (See Figure 1-2.) Note that it is linearly dependent on current,
so long as the magnetic flux density, Bm, is not also dependent on current [10].
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Combined Motor-Bearings
Because other hybrid designs of PM self-bearing motors utilize both types of forces for their
function, an inherent trade-off between motoring torque and bearing force exists; thicker
permanent magnets lead to increased torque, but they also increase the reluctance in the flux path.
This leads to decreased bearing forces.

In order to optimize this compromise and produce

sufficient torque and bearing force, the stators of these designs are slotted to reduce the effective
air gap in order to provide a minimum reluctance in the flux path. A disadvantage of these slotted
designs is the significant detent and cogging torque that is produced between the stator teeth and
the rotor permanent magnets [19]. This is particularly undesirable in fine pointing and smooth
tracking applications. Therefore, these designs are primarily used for high-speed devices.
An alternative to these hybrid reluctance/Lorentz-type designs of self-bearing motor is introduced
by Stephens [19, 20]. It is termed the Lorentz-type, slotless self-bearing motor. In this design,
Lorentz-type forces are used to produce both the bearing forces and the motoring torque, resulting
in an actuator where thicker PM’s result in both larger torque production and larger radial force
production. This eliminates the trade-off in bearing force and motoring torque with PM thickness
found in many previous designs. Further the design is slotless so detent and cogging torque are
minimized, making this actuator well suited as a servo motor for precision pointing applications.

Objectives

The purpose of this thesis is to present the design of the Lorentz, slotless self-bearing motor. In
doing so, it focuses on optimizing the design with respect to four objectives: minimum powerloss,
minimum motor outer diameter, minimum motor mass, and minimum length.

Chapter Two

discusses the basic design considerations for this motor and introduces a computer program,
LFMD, that produces optimal designs according to a designer’s specifications. Chapter Three
introduces a test rig used to characterize the motor and details the design method used by LFMD.
Chapter Four briefly discusses two space applications of the motor.
concludes with a summary and recommendations for future work.
Copyright  Barrett A. Steele, 2002
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Finally, Chapter Five

CHAPTER TWO :

The Motor Design

A General Overview
The design is a radial magnetic actuator; that is, the magnetic flux paths lie in a plane
perpendicular to the axis of rotation. It consists of three general sections: the rotor is fixed to the
rotating shaft and has a ring of permanent magnets on its outer diameter; the stator houses the coils
and is held in place by some external support; and the air gap is the physical gap of clearance
between the dynamic rotor and the fixed stator. Figure 2-1 depicts this arrangement. This design
may be optimized to produce maximum torque and bearing force by altering various diameters
and/or the length of the motor.

Figure 2-1 The Three General Components of the Motor

The Rotor
Because Lorentz forces are solely utilized in this motor design, the permanent magnet arrangement
on the rotor increases the air gap flux density for both torque and bearing force production.
Various shapes of magnets may be used, as long as the outer diameter of the rotor is rounded.
Generally speaking, the shape and arrangement of magnets are such that the permanent magnet
magnetic flux field takes on a near-sinusoidal shape in the air gap. The design shown in Figure 21, and more closely in Figure 2-2, incorporates arced magnets with a gap of equal width between
them. This gap is generally filled with a very low permeability material so that flux leakage

9

between magnets is minimized.

The magnets are mounted to a high permeability core, or

backiron, to provide a return path for magnetic flux lines.

Figure 2-2 A Detailed View of a Section of the Rotor

A disadvantage of a PM rotor design is the negative stiffness produced by rotor-stator attraction.
This destabilizing force between the PMs and the core of the stator is minimized when the rotor is
in a centered position; thus, an active control system must be utilized to maintain the proper rotor
placement.
In deriving the permeance of the permanent magnet region for this motor arrangement, the
effective air gap consists of not only the physical air gap, but also the thickness of the lowpermeability coils and potting material throughout them. In a sense, the closed path that the PM
flux follows consists of only the rotor backiron, the PMs and the stator backiron – everything in
between the PMs and the stator backiron is part of the effective air gap.
The Stator
The stator houses the windings of the motor. For most applications, it would be firmly fixed to a
base and carefully aligned with the rest of the motor assembly. It is comprised of only a stator
core, or backiron, the windings, and low-permeability potting material that fills the gaps in, and
protects the outer surfaces of, the windings. A detailed view of the stator is shown in Figure 2-3.

10

Figure 2-3 A Detailed View of the Stator
The stator core material is chosen so that it has a saturation flux density, Bsat, sufficiently high for
the desired function of the motor. The core is also constructed in laminated layers instead of a
solid piece, in order to reduce eddy losses produced by the changing current in the coils. In this
slotless design, there are no slots or teeth built into the core, so the backiron has simply a ring
shape. Because the stator core has the characteristic of having the largest diameters in the motor
design, and because it is often made of dense metal material, it typically is the heaviest part of the
motor. Special attention, therefore, should be paid to the design of the core if the motor mass is to
be minimized.
Because this is a slotless design, the coil windings do not wrap around stator core teeth. Instead,
they are carefully wound around removable pins and fixed in place using a low permeability
potting material. The coils are wound in a three-phase lapped arrangement, shown in Figure 2-4.
As shown in the figure, a wire from each of the three phases is matched up with a third of the width
of one permanent magnet on the rotor. In doing this, the sinusoidal magnetic flux shape created by
sinusoidal currents flowing in the coils links with the flux produced by the PMs. This flux phase
and shape matching, and the slotless construction, lead to smooth force and torque production [20].
While the metal poles in other motor designs aid in removing heat produced by the coils, this
design only has the potting material, and the inner surface of the stator core, to provide a path for
heat removal. If the potting is carefully poured and baked, a minimum percentage of space in the
potting is lost to air pockets, and heat conduction is maximized. When designing this motor, one
may choose to actively cool the coils with air or other fluids, and, therefore, be able to use a higher
current density in the coils.
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Figure 2-4 Three-phase mutual coupling [18].
In deriving the permeance of the air gap and coils for this motor arrangement, the effective air gap
consists of not only the physical air gap, but also the thickness of the PMs and the thickness of the
coils themselves. In a sense, the closed path that the coils’ flux follows consists of only the stator
backiron and the rotor backiron, with everything between making up the air gap.

Design Details
Force and Torque Production
One of the most important aspects of the Lorentz self-bearing motor is that bearing force and
motoring torque may be controlled separately while using the same coils. In order for this to
occur, the motor windings and controls are designed in a special way. In particular, the coils are
arranged around the stator in four individually controlled winding segments.

Each winding

segment covers one quarter of the circumference of the stator and is matched up with one quarter
of the permanent magnets. So that the permanent magnets and coils match up correctly, the
number of PMs on the rotor must be a multiple of four.
Each of the four individually controlled winding segments has a unique control current, divided
into three phases. The forces that are produced from the 12 total phases are the Lorentz type
forces. Stephens, et al., demonstrated that if each segment current is comprised of the control
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currents, ix, iy, and iθ, then independent bearing forces and torque forces are produced when the
rotor is in or near a centered position [3]. The resulting segment currents are:
i1 = iθ − ix
i 2 = iθ − iy
i 3 = iθ + ix
i 4 = iθ + iy

(2.1)

The four independently controlled segments, and resulting forces, are illustrated in the motor
layout in Figure 2-5. In that illustration, the rotor is not centered, but shifted to a location in the
first quadrant of the figure. The radial control currents required to move the rotor back into the
centered position are − ix and −iy . These produce the small vectors that are being added to, and
subtracted from, the large force vectors in the figure. There is a torque applied to the shaft because
the force vectors work in the same angular direction (i.e. clockwise or counter-clockwise with
respect to the axis of rotation).

But because opposite segments produce forces in opposite

directions, the force couple of each vector pair results in a radial movement as well.
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Figure 2-5 Bearing Force and Torque Generation
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Stephens goes on to derive six gains that govern the function of this motor – the two direct current
gains of interest and four destabilizing, and thus undesired, gains. The roles of these gains in the
bearing force and torque production are shown by:
F x = K ixx i x + K xxM x - K xxL iθ y + (K ixy + K xxW iθ )i y
F y = K ixx i y + K xxM y - K xxL iθ x - (K ixy + K xxW iθ )i x
T θ = K iφ iθ

(2.2)

(2.3)

Fx and Fy represent the bearing force in the x-axis and y-axis, respectively. Tθ is the motor torque.
Ideally, the bearing forces would be a function of only the direct bearing current gain, Kixx, and the
bearing control current for that axis (either ix or iy). If so, then truly decoupled and independent
forces could be produced. In order for this to happen, the destabilizing gains in the formulas above
would have to be equal to zero or be negligible.
The two direct current gains yield the independent force production for the self-bearing motor.
The direct bearing current gain, Kixx, yields the motor’s bearing force when multiplied by the
wires’ currents. It is assumed to be the same for all radial directions due to the symmetry of the
slotless stator, and is quantified by:
4
Kixx = ε M Nw Bm L ± 0.5%
3

(2.4)

where ε is a factor that depends on the phase angle difference between the winding currents and the
rotor position,
ε = cos( M ⋅ γ )

(2.5)

M is the number of PM pole pairs on the rotor, Nw is the number of coil windings per winding
station, Bm is the flux density in the air gap due to the PMs,
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Bm =

2 BR tm
tm + µ R Cφ kml ( g 0 + tc)

(2.6)

and L is the axial length of the permanent magnets. BR is the remenance flux density, µr is the
recoil permeability of the PMs, tm is the radial thickness of the PMs, kml is the magnet leakage
factor, Cφ is the flux concentration factor, tc is the radial thickness of the coils, and g0 is the radial
thickness of the air gap. This gain is shown to vary sinusoidally with the rotor’s angular position.
Similarly, the motor’s torque function is defined by:

Kiφ =

2 2
π ε MNw Bm R L
3

(2.7)

where R is the rotor’s radius.
Of the four destabilizing gains, only one respective force is not related to the current in the coils. It
is the negative stiffness caused by the reluctance force characteristic of the permanent magnets’
interaction with the stator core, and it is therefore related to the distance between the PMs and the
core. If the stator is in a centered position, the forces in all directions cancel out and this position
stiffness gain is negligible. It is defined as,

Kxxm =

−π BR 2 R L µ R tm 2 kml Cφ
µ 0 (tm + µ R kml Cφ (tc + g 0))3

(2.8)

where µ0 is the permeability of free space.
The three other destabilizing gains are multiplied by the coil currents to produce side-pull forces.
The first is the cross-coupled current gain, Kixy. Practically, this has a zero value. Because it also
varies slightly with rotor angular position, it actually may have a maximum value of up to six
percent of that of direct bearing current gain, Kixx for M=8 [21]. Stephens and Kim go on to show
that this maximum value decreases for increasing M. For the discussion in this thesis, a maximum
value of six percent of Kixx is considered to be conservative enough to be used for all motor
designs. The cross-coupled current gain is calculated as:
15

Kixy = 0 ± 6% ⋅ Kixx

(2.9)

The second destabilizing current gain is the Lorentz side-pull gain, KxyL. It occurs when the rotor is
in an eccentric position and is due to Lorentz interactions between the PM flux and the winding
currents. In particular, the flux concentration is greater in the narrower gap when the rotor is closer
to the stator on one side than the other. This increases the Lorentz forces in that narrower gap and
produces forces that are perpendicular to the axis of movement needed to re-center the rotor. It is
defined as:

KxxL =

−2 M ε π Br L µ R tm kml Cφ Nw
3 (tm + µ R kml Cφ (tc + g 0)) 2

(2.10)

The forces produced from this gain vary with the torque control current, iθ.
The third destabilizing current gain is the cross-coupled current gain due to a non-symmetric
winding flux interacting with the rotor, KxxW. The force produced is a Maxwell-type side-pull force
and may occur even when the rotor is in a centered position. In this case, when the rotor is
centered and a torque is needed, there exist imbalances in the amount of flux around the rotor. The
increased flux on one part of the rotor, relative to the opposite side, creates an unbalanced
reluctance force. This destabilizing force is:

K xxW =

2 2 µ 0 R L N w2
9(t m + t c + g 0) 2

(2.11)

The use of these equations will be continued in the detailed design discussion in Chapter Three of
this thesis.
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Design Methods
Assumptions and Special Design Considerations
The need for design optimization of the motor, and the validity of the models presented in [3, 19,
21], are based on a few important design considerations and assumptions.

One of these

assumptions, for example, is that this motor could be used in many space applications. In this case,
mass, volume and power consumption are critically important.

Therefore, each of these

characteristics should be minimized if one’s particular application is for use in space. However, if
the motor is to be used in an earth environment, then these characteristics may not have to be
optimized and less stringent motor design tolerances may be used.
An important design consideration is mentioned in [18]. Hanselman proposes that in order to
reduce magnet flux leakage, the permanent magnets should maintain a width-to-thickness ratio of
at least four. The development of his design equations, much of which are used to formulate the
design equations for this motor, also assume that the PMs are of equal thickness throughout their
width. For a magnet that is part of large-diameter rotor, this may be a good assumption even if the
magnet is pie-shaped, in its cross-section, instead of rectangular. For a design requiring a very
small diameter rotor and thick magnets, however, the PMs may have to be pie-shaped. The
combined effects of a low width-to-thickness ratio and varying thickness of the PMs may cause
inaccurate estimations of the flux characteristics of the motor.
Thermal restrictions are another important design consideration for both earth-based and spacebased applications. Should the stator coils become too hot during heavy electrical loads, they may
melt their insulating coating. This would cause them to short on one another, catastrophically
crippling the motor (assuming no fault-tolerant design and control scheme are being used). Other
motor designs may include slotted stators with metal teeth that extend through the coils. Heat
produced by those coils easily travels through the teeth and is conducted away from the coils
through the stator backiron. Only the outer-most turns of the coils in the Lorentz, slotless motor,
however, contact the backiron. Heat from the other coils must be conducted through the potting
material that protects the coils and holds them in place. This material may be poured and baked

17

carefully so that there is a minimal amount of air entrained in it – thus allowing the best conduction
of heat through the material.
Optimization Methods
Careful manufacturing practices may assist in creating a superior device, but any motor that ideally
fits its application was optimally designed for that application. Much time and effort may go into
creating such a design. Fortunately, engineers may call upon the previous work of others and use
their past mistakes and successes as guidelines for future efforts. This is true for the design of the
Lorentz, slotless self-bearing motor, as well. The design process for the motor begins with
knowledge of its application. Once any constraints are discovered, the optimization process may
begin with a fundamental mathematical process.
The mathematical form of any one-variable nonlinear, constrained optimization problem is:
optimize: z = f ( x)

(2.12)

subject to: a ≤ x ≤ b

(2.13)

where f(x) is a nonlinear function of x, and the search is restricted over the interval [a ,b]. [22] A
local, or relative, minimum for the objective function, z, exists at x0 if there is an interval centered
about x0 such that f(x) is greater than, or equal to, f(x0) for all x in that interval. If f(x) is greater
than, or equal to, f(x0) for all x for which the function is defined, then that local minimum is also a
global, or absolute, minimum. A theorem states, therefore, that if f(x) is continuous on the closed
and bounded interval of interest, [a, b], then f(x) has global optima on that interval [22].

It is

possible, however, to have multiple local minima within that interval. For example, if
f ( x) = sin( x)

(2.14)

then there is a local minimum and a local maximum for every period in the range of x. If the
interval of x is bounded to less than one period, then there exist only one minimum and one
maximum within that interval.
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Multivariable, nonlinear optimization problems take a similar form:
optimize: z = f (X)

(2.15)

X ≡ [ x1,x 2 ,...,x n]T

(2.16)

where

Again, it can be shown that the nonlinear objective function, f(X), has a global minimum on a
closed and bounded region if f(X) is continuous on that region.
Locating the optima of these multivariable problems using calculus is often tedious or impossible,
since the objective function may be complex or not known analytically. In such situations,
numerical methods are employed to search for the location of local optima.
In the case of a multivariable constrained optimization problem, methods such as Steepest Ascent,
Newton-Raphson, Fletcher-Powell and Hooke-Jeeves’ Pattern Search may be employed. These
are all iterative algorithms that analyze the convergence of an objective function toward a local
minimum that is within a satisfactory tolerance. Each of these methods, however, relies on a good
initial approximation of X to begin the search. An improper initial value may not converge to an
optimum at all. In addition, only a local optimum may be found. Even if the end result is a
minimum, there is no guarantee that the value is the global minimum.
Single variable constrained optimization problems also require an initial approximation, x0.
However, it is typically assumed that the objective function is unimodal over the range of x in
question. This means that there exist only one local minimum and one local maximum in that
range. Because this dictates that the function converges in only one direction of x, most numerical
techniques for these problems are sequential search techniques. These iteratively reduce the
interval of x until the resulting value of the objective function converges to within prescribed
tolerances. Such techniques include the Three-point Interval Search, the Fibonacci Search, and the
Golden-Mean Search. Results produced by these methods are local optima, unless the function is
shown to be a convex function or otherwise unimodal, such as a concave function. The defining
property of a single variable, convex function is that the curve lies on or above any of its tangents.
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In other words, if f(x) is twice-differentiable on an interval, then f(x) is convex on that interval if
and only if
f "( x ) ≥ 0

(2.17)

for all x on that interval. A convex function will necessarily have a global minimum [22]. If the
function’s first derivative is never zero, but the function is unimodal, then the local and global
optima will be functions of the first or last values of x in the range, [a, b].
LFMD, An Automated Design Program
The author of this thesis has created a program, using Microsoft Visual Basic 6.0, which uses a
designer’s input design variables to evaluate optimal solutions for motor designs. The program,
called LFMD (for Lorentz Force Motor Design), consists of two main design tools – a “Quick
Analysis” stage, and a “Detailed Optimization” stage. The Quick Analysis stage is primarily for a
user who already knows both the bearing force and torque requirements, as well as several specific
physical characteristics, of the motor of interest. The program then simply reads those inputs and
returns a complete set of specifications for the design, including geometric and magnetic
characteristics. In the Detailed Optimization stage of the program, the user inputs ranges of values
for seven independent main variables. In addition, the user provides force, torque and power
requirements. Using that information, the program then iterates through combinations of those
variables and sorts the results. As a result, the optimized solutions are provided. Specifically, the
program yields minimized powerloss, minimized motor outer diameter, minimized mass, and
minimized length solutions. For both stages, the user provides a set of constant variables. These
include, among others, magnetic characteristics of the PMs and densities of the materials used.
The design problems solved in the Detailed Optimization portion of LFMD are non-linear,
multivariable constrained functions. Four functions are optimized subject to seven independent
variables, X=[x1, x2, …,x7]T, and several constraints, including the ranges of the variables
themselves and other physical limits of the motor’s design. Mathematically, the four problems
solved are expressed as:
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1.) Minimum Powerloss Problem:
min
N [ Powerloss ]

(2.18)

Powerloss = f ( X )

(2.19)

(X)

where

2.) Minimum Motor Outer Diameter:
min
N [ MotorOD ]

(2.20)

MotorOD = f ( X )

(2.21)

(X)

where

3.) Minimum Motor Mass Problem:
min
N [ MotorMass ]

(2.22)

MotorMass = f ( X )

(2.23)

(X)

where

4.) Minimum Motor Length Diameter:
min
N [ Length ]

(2.24)

Length = f ( X )

(2.25)

(X)

where
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In each problem, the independent variables in X are (in the order in which they are iterated through
by LFMD, with the exception of length, L),
1.) L, the length of the motor. This value is not used in an iteration loop, but is evaluated
in the routine.
L is subject to:
L min ≤ L ≤ L max

(2.26)

L min > 0

(2.27)

where Lmin and Lmax are values input by the designer. In practicality, this minimum
value will never be equal to zero, but the program allows this input to be any value
greater than zero.
2.) R, the rotor’s outer diameter.
R is subject to:
R min ≤ R ≤ R max

(2.28)

R min > 0

(2.29)

where Rmin and Rmax are values input by the designer. Again, this minimum value will
never be equal to zero, but the program allows this input to be any value greater than
zero.
3.) M, the number of PM pole pairs on the rotor.
M is subject to:
M

min

≤M ≤M

M

min

≥4

max

(2.30)
(2.31)

where Mmin and Mmax are integer values input by the designer. Also, increments of M
must be in multiples of four.
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4.) gage, the AWG value for the stator coils.
gage is subject to:
gage min ≤ gage ≤ gage max

(2.32)

gage min > 44

(2.33)

gage max < 4

(2.34)

where gagemin and gagemax are integer values input by the designer. The upper and
lower bounds for gage are set at 4 and 44, respectively, because these values are the
limits of the wire information lookup chart provided with LFMD.
5.) g0, the nominal radial air gap.
g0 is subject to:
g 0 min ≤ g 0 ≤ g 0 max

(2.35)

g 0 min > 0

(2.36)

where g0min and g0max are values input by the designer. This minimum value will never
be equal to zero, but the program allows this input to be any value greater than zero.
6.) tc, the radial thickness of the coils.
tc is subject to:
t c min ≤ t c ≤ t c max

(2.37)

t c min > 0

(2.38)

where tcmin and tcmax are values input by the designer. In practicality, this minimum
value will never be equal to zero, but the program allows this input to be any value
greater than zero.
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7.) tm, the radial thickness of the permanent magnets.
tm is subject to:
t m min ≤ t m ≤ t m max

(2.39)

t m min > 0

(2.40)

where tmmin and tmmax are values input by the designer. In practicality, this minimum
value will never be equal to zero, but the program allows this input to be any value
greater than zero.
It may be seen from equations (2.4) through (2.11) that any characteristics of the motor that are
calculated using those formulas are nonlinear functions of several variables. The optimization
portion of LFMD finds minimums of four different objective functions using seven independent
variables. Because each of those variables represents physical characteristics of the motor, such as
the outer diameter of the rotor or permanent magnet thickness, each objective function is
continuous over the ranges of those variables. The solution approach taken by LFMD is a simple
grid search over the entire solution space, where certain subspaces are eliminated using various
‘screening’ information from the search as it proceeds.

(See Chapter Three for a detailed

discussion of this process.) Of course, several of the more advanced optimization approaches
discussed previously could be applied to this problem (e.g. Steepest Ascent, Newton-Raphson,
Three-point Interval Search, Golden-Mean Search). However, this ‘screened’ grid search approach
finds exact solutions and takes only a short amount of time to complete using a modern personal
computer. Therefore, the additional benefits of using a more complicated optimization method are
limited.
The Screening Process
The first eliminating screen in the program eliminates potential solutions that are too similar to the
solutions that came just before them. The designer provides a value for the smallest increment of
motor length that would yield a unique solution for their purposes. If a set of variables is found to
have a proper motor length and BCD, that length is compared to the length of the solution that
came just before it. If the difference between the two is less than that increment provided by the
user, while all variables except tm are the same as before, then that current variable set is dropped.
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Its solution would be too similar to the previous solution and would thus only add useless
calculations to the overall routine.
The second eliminating ‘screen’ calculates the bearing current density (BCD) that would be
required to produce sufficient electrical current to achieve the designer’s requested bearing force
and torque requirements. If the resulting BCD falls below the designer’s requested maximum
BCD value, then that solution set is kept for further consideration. Otherwise, it is dropped and a
new set of variables is considered.
Immediately following this is the third eliminating screen. The design equations are arranged so
that six independent variables solve for the seventh independent variable, the motor length. A
short subroutine calculates a minimal number of values to determine if each set of the six
independent variables leads to a design that has a length that falls within the designer’s requested
range of motor lengths. If it does, then that set of variables continues on through the program.
Otherwise it is dropped from consideration.
Once a set of variables passes through all of the initial screens, it is considered a valid solution to
the design problem. About thirty characteristics of the motor design are then calculated for that
variable set, leading to the values of the functions to be optimized. The values of the four objective
functions are compared to those that are kept as the current minimum values of those functions.
The variable sets that yield the lowest values of the functions are kept as potential final solutions
and the sets that yield the greater values are eliminated. Once all variable sets are considered and
filtered this way, only the four variable sets corresponding to the four optimal solutions remain.
In order to further streamline the iterative process, the basis of some of the theories of single
variable nonlinear optimization may be applied to the two innermost iterative loops of the routine.
The variables that make up these loops are the variables tc, the radial thickness of the coils in the
stator, and tm, the thickness of the permanent magnets. Eliminating entire non-optimal sets of
calculations that involve groups of these two variables would have a great effect on the speed and
efficiency of the program. It is noted that all four objective functions are not only continuous over
the ranges of these two innermost loops, as mentioned before, but they are also unimodal over
25

those ranges. (The evidence that this phenomenon is true for all values of tm and tc is presented in
the discussion of the formulas located in the next chapter.) Therefore, once a minimal solution has
been found for a given tm and a fixed tc – with the other four variables fixed -- then much of the
other values within the ranges of tm and tc may be skipped altogether. This is depicted more clearly
in Figure 2-6 through Figure 2-9. Actual values taken from LFMD were used to construct these
figures.
Powerloss vs. tm, Varying tc
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Figure 2-6 Powerloss versus tm, for Three Consecutive Values of tc
Figure 2-6 demonstrates how ohmic powerloss decreases with increasing permanent magnet
thickness as all other variables are held fixed. Physically, this means that the rotor diameter
remains the same, and all other thicknesses and diameters outside of the rotor remain the same.
Therefore, the flux across the airgap is increasing and less current is utilized to achieve the
requested bearing force and torque. Because powerloss is dependent on the square of the current,
powerloss decreases.
Note that the curves always decrease as tm increases and are actually convex curves. A minimum
is guaranteed, therefore, along this range of values. Clearly, the minimum is located at the highest
value of tm at which powerloss was calculated and a valid solution was found. One may also note
that powerloss decreases for decreasing values of coil thickness, tc. Therefore, once the first
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solution is found at the lowest value of tc and the highest value of tm, then all other combinations of
tm and tc, within that iteration of the third innermost loop variable, g0, may be skipped. This
elimination step drastically reduces the number of calculations necessary to complete the
optimization routine.

Motor OD vs. tm, Varying tc
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Figure 2-7 Motor Outer Diameter versus tm, for Three Consecutive Values of tc
Similarly, Figure 2-7 demonstrates how the motor’s outer diameter will increase with increasing
permanent magnet thickness, as all other variables are held fixed. Physically, this means that the
rotor diameter, air gap thickness and coil thickness remain constant. Magnetically, however, the
air gap flux increases with PM thickness, leading to a necessarily thicker stator backiron. A thicker
backiron produces a larger motor diameter.
Note that the curves increase constantly as tm increases. If the values of the x-axis are reversed,
then these curves would not be convex, but they are unimodal. A minimum is guaranteed,
therefore, at the endpoint of the curve. The minimum is located at the lowest value of tm at which
the motor’s outer diameter was calculated and a valid solution was found. One may also note that
the outer diameter decreases for decreasing values of coil thickness, tc. Therefore, once the first
solution is found at the lowest value of tc and the lowest value of tm, then all other combinations of
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tm and tc, within that iteration of the third innermost loop variable, g0, may again be eliminated
from consideration.
Figure 2-8 depicts the relationship between the motor’s mass and tm for three values of tc. The
shape of the curves is similar to those in Figure 2-7. The optimization routine, therefore, may treat
the variable iterations in the same manner. Magnetically, the air gap flux will increase with
increased PM thickness. In response, both the rotor and stator backiron thicknesses must increase.
These larger backiron thicknesses, along with increased PM thickness, account for the rapid rise in
motor mass.

Motor Mass vs tm, Varying tc
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Figure 2-8 Motor Mass versus tm, for Three Consecutive Values of tc
Figure 2-9 once again demonstrates convex curves as depictions of motor length with respect to
varying PM thickness. This relationship is probably the most widely understood one in the realm
of magnetic bearing design – increased PM surface area (via increased length, in this case) yields
increased bearing force. Similarly, if the PM thickness is increased, the air gap flux is increased
and shorter magnets may be utilized. The figure also shows that, unlike the previously discussed
optimized functions, motor length decreases with increasing coil thickness. Again, this is due to
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the fact that increased coil thickness allows more turns of wire to be used, so that the air gap flux is
increased even further.

Motor Length (meters)

Motor Length vs tm, Varying tc
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Figure 2-9 Motor Length versus tm, for Three Consecutive Values of tc
For a demonstration of the effectiveness of this final variable elimination process, a sample run of
LFMD was conducted. Two different routines were compared. The first routine simply analyzed
all combinations of the six variables used in the iteration process and counted the number of
‘solutions’ it analyzed. The second routine eliminated sets of tm and tc according to the logic
demonstrated in the previous figures. As a result, a sample problem had 1,479,680 combinations
of variables to consider. The first routine found the four optimized solutions out of 1,002,840
possible solutions in 184.34 seconds. The second, more efficient, routine found the same four
optimized solutions out of 17,671 possible solutions in 61.97 seconds. The second routine saves
the most computation time in larger problems, such as this one, where there are many unnecessary
values of tm and tc to be considered.

Copyright  Barrett A. Steele, 2002
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CHAPTER THREE :

The Design Procedure

A Test Rig
Construction
Using the design considerations discussed in Chapter One and the theoretical design equations
discussed in Chapter Two, a tabletop test rig was constructed in order to physically characterize the
Lorentz, slotless self-bearing motor. Figure 3-1 depicts a cut-away view of the motor, placed in
the center of the test rig, and the other associated components [21]. Also shown in that figure is a
simplified depiction of the active control system used to operate the motor and the conventional
magnetic bearing in the test rig. Table 3-1 summarizes the construction characteristics of the test
rig and motor.

θ

Figure 3-1 A Lorentz, Slotless Self-bearing Motor Test Rig, the SBIR7 [21]
The rig consists of a conventional eight-pole magnetic bearing on the outboard end of a shaft
(outboard is the end furthest from the encoder) with inductive probes measuring the radial
displacements of the shaft. The self-bearing motor is assembled near the mid span of the shaft and
also uses inductive probes to measure its radial displacements. Using two different sets of position
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probes reduces the susceptibility of the system to sensor-actuator non-collocation problems. The
other end of the shaft is connected to a rotary optical encoder providing the angular measurement,
θ. The connection uses a Jarno interface and an aluminum coupling such that the encoder ball
bearings support one end of the shaft through the coupling, while the other end of the shaft is free
to move radially, pivoting about the coupling as illustrated in the figure. In order to stabilize the
shaft, the conventional magnetic bearing and/or the self-bearing motor may be used [21].
The feedback loop of the system consists of the five sensor measurements, Xb, Yb, Xm, Ym, and θ,
that are conditioned and fed into a dSPACE DS1103 motion control system. The control system
produces a set of control current requests for the conventional magnetic bearing and for the selfbearing motor. A group of 16 Advanced Motion Control power amplifiers then generate the selfbearing motor and the conventional magnetic bearing control currents.
The shaft assembly is shown in detail in Figure 3-2. The shaft is designed to have the fewest
possible flexible body modes within the control bandwidth of 3 kHz. The shaft assembly consists
of a sensor target for the conventional magnetic bearing, a stack of thin laminated journals for the
conventional magnetic bearing, a sensor target for the motor bearing and the self-bearing motor
rotor with permanent magnets attached. The stator housing and encoder stanchion are mounted on
a common baseplate. The shaft assembly is quite stiff with the first three shaft flexible modes at
2,792 Hz, 5,625 Hz and 9,271 Hz. Only the first flexible mode is within the control bandwidth of
3 kHz, which is limited by the power amplifiers.
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Table 3-1 SBIR7 Test Rig Construction Characteristics
Property

Symbol

Units

Value

Number of Pole Pairs

M

--

8

Number of Segments

Nseg

--

4

Ns

--

12

Nw

--

85

tm

(mm)

7.75

tc

(mm)

3.87

Nominal radial air gap

g0

(mm)

0.762

Rotor Outer Radius

R

(mm)

50.8

Motor Length

L

(mm)

25.4

Lx

(cm)

19.9

Lb

(cm)

15.9

Lm

(cm)

7.75

BW

(Hz)

3,000

Number of Winding

Motor Properties

Stations per Segment
Number of Wires per
Winding Station
Radial Thickness of
Permanent Magnets
Radial Thickness of
coil windings

Distance from Pivot

System Properties

Point to External Load
Distance from Pivot
Point to Mag. Bearing
Distance from Pivot
Point to Motor
Control Bandwidth
Controller Hardware

dSPACE DS1103 Card

Power Amplifiers

Advanced Motion Controls
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Figure 3-2 A Cut-away View of the SBIR7 Test Rig Shaft [21]

Characterization
In addition to providing stability to the operation of the test rig, another function of the
conventional magnetic bearing in the test rig is to act as a force sensor for the self-bearing motor.
This is done by determining the static closed loop force versus displacement relationship for the
magnetic bearing using the following procedure. The magnetic bearing is located a distance of
Lb=15.9 cm from the pivot point (see Figure 3-2). It is stabilized under PD control; therefore, it
resists applied loads statically just as a mechanical spring does. Known loads are then applied to
the shaft at the outboard end, a distance of Ls=19.9 cm from the pivot point, and the displacement
is measured at the magnetic bearing plane.

Using the previously calibrated displacement

sensitivity of the radial position sensor, Ssensor= 8.4 V/mm, and scaling the results by the
appropriate lever arms from the pivot point (Ls and Lb), a force versus displacement curve is
generated. This leads to a static force sensitivity (the closed loop bearing stiffness) of Sforce=532
N/mm. Note that this includes the side pull force of the PM rotor as it was in place, on the shaft,
during calibration. Finally, this calibration curve is used for both the x and y direction forces, as
these axes are symmetric.
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The force generation characteristics of the self-bearing motor are measured using the static force
sensitivity of the conventional magnetic bearing, Sforce, and the following procedure. First, the
angular positioning loop for the motor is closed, resulting in a torsional position stiffness, which
maintains the same angular position during testing. Open loop bearing forces are then generated
by the self-bearing motor using the control currents, ix and iy. These open loop forces act on the
shaft at the motor, a distance of Lm=7.75 cm from the pivot point. The displacement at the
magnetic bearing is then measured and the static force sensitivity used to compute the open loop
force applied by the motor. From this method a direct bearing current gain, Kixx, of 23.0 N/A was
found, which compares favorably to the theoretical value of 17.8 N/A.
The open loop torque gain was measured using a simple torque wrench and found to be 2.6 Nm/A, which compares well with the theoretical value of 2.0 N-m/A. The main difference between
the theoretical and experimental results is most likely due to the actual flux distribution of the PMs
being closer to a square wave than the sine wave approximations used in theory. The crosscoupled bearing current gain, Kixy, is found to be 1.7 N/A and 3.2 N/A at 0o and 11.25o,
respectively. These compare to a theoretical value of zero and 1.1 N/A at each position.
The most significant experimental result is that Kixy<<Kixx, which confirms the theoretical results.
Specifically, the theoretical results show that Kixy,max is 6.1% of Kb, and the experimental results
show that Kixy,max is 14% of Kixx (for M=8). Therefore, the cross coupled term can be considered
negligible as compared to the direct term and independent bearing force in each direction are
practically, if not strictly, generated. This provides the basis for stabilizing control of the selfbearing motor.

The Procedure
Quick Analysis
The LFMD Quick Analysis stage routine consists of three stages: initialization, calculation, and
reporting. The logic behind the procedure is very basic. First, the program collects the designer’s
input values in the initialization stage. Those values are input in the section of the page labeled
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“Quick Analysis Inputs.” The program assigns the values to variable names and uses them to
complete the calculation stage. The program then reports these values both to the screen, in the
“Quick Analysis Results” section, and also to a file, at the designer’s request. The results include
geometric, magnetic, and gain characteristics of the design. The RMS and peak bearing force and
torque characteristics, and their related electrical currents, are displayed in a special table on the
page. It presents the data in five different configurations, which vary according to how much of
the available current is provided to bearing force production and to torque production. Figure 3-3
is a flow diagram of the process described above, and Figure 3-4 is a view of the Quick Analysis
design page.

Collect
Designer’s
Inputs

Calculation

Start

Perform
Calculations

Reporting

Initialization

LFMD Quick Analysis

Display
Results

End

Figure 3-3 LFMD Quick Analysis Process Flow Diagram
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Figure 3-4 The LFMD “Quick Analysis” Design Page

Detailed Optimization
The LFMD Detailed Optimization routine consists of four general stages: initialization, optimal
solution search, final calculations, and reporting. (See Figure 3-5.) The initialization phase
collects the designer’s input values. Those values include some constants, the bearing force and
torque requirements, the bearing current density (BCD) limits, and the ranges of values for the
seven independent design variables. The program then performs the optimal solution search. This
is truly the heart of the program, and is the focus of the previous optimization discussion. The six
nested loops are set up and a subset of calculations is performed on each permutation of the
variables. (See Figure 3-6.) Each set of variables is used to calculate the length and required BCD
of a solution. The set is then either kept or discarded according to whether that length and BCD
falls within the limits specified by the designer. (See Figure 3-7.) Then, each remaining set of
variables is used to find a value for powerloss, motor outer diameter, motor outer radius, and
length.
The entire procedure is performed four times – one for each objective function. Because of the
assumption that the functions are unimodal, the two innermost iteration loops are arranged such
that the optimal solutions are found before each entire series of tm and tc is searched. Specifically,
once a valid solution is found for a given tm, the rest of those sets of values of tm and tc are
eliminated from consideration and the next value of g0 is examined. (See Figure 3-8.) When each
of these objective solutions is calculated, it is compared to that of the previous set of design
variables. The set of design variables that correspond to the lowest of each of the objective
functions is then kept and the process continues to the next set of design variables. This process
continues until all of the remaining sets of design variables have been analyzed and compared.
The four sets of design variables are then used to calculate many more characteristics of the
motor’s design, including geometric, magnetic and force attributes. That information is then
reported in the Detailed Optimization Results grid on the page. Each of the four optimal solutions
has a sub-page that, when clicked on by a computer mouse, appears and displays the information.
The Detailed Optimization design page is shown in Figure 3-9, and the Minimized Motor OD subpage is activated and shown in Figure 3-10.
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Figure 3-5 LFMD Detailed Optimization General Process Flow Diagram
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LFMD Detailed Optimization, Detailed Process Flow Diagram: Iteration Setup
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Figure 3-6 Iteration Setup within LFMD Detailed Optimization
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LFMD Detailed Optimization, Detailed Process Flow Diagram: Screening Process
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Figure 3-7 Screening Process within LFMD Detailed Optimization
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LFMD Detailed Optimization, Detailed Process Flow Diagram: Optimal Soln. Selection
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Figure 3-8 Optimal Solution Selection within LFMD Detailed Optimization
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Figure 3-9 The LFMD “Detailed Optimization” Design Page
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Figure 3-10 Sample of Detailed Optimization Results for Minimized Motor OD

The Design Equations

Both portions of LFMD utilized the same equations to formulate a motor’s design. This section of
the thesis will discuss the equations in the order that they are used in the Detailed Optimization
routine.
First, some basic geometries are calculated in order to eventually calculate the BCD and length of
the motor that correspond with the current set of input design variables. Those seven design
variables that have ranges of values specified by the designer are:
M, the number of PM pole pairs. This value must be at least four, and must be in
increments of four. This is attributed to Stephens original design of a motor with four
independently controlled segments [19].
R, the rotor outer diameter, in millimeters.
tm, the PM radial thickness, in millimeters.
g0, the nominal radial air gap between the rotor and the stator, in millimeters.
tc, the coil radial thickness, in millimeters.
gage, the gage of the wire used for the coil windings, in AWG units. These values must be
integers.
L, the length of the motor.
The circumference of the rotor is:
C =πR

(3.1)

The PMs are mounted on the outer diameter of the rotor (see Figure 3-11), and they are separated
by a small gap of low-permeance potting material to reduce flux leakage. The arc length of one
PM and one associated air gap, called a PM segment, is therefore:

Wg =

C
2M
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(3.2)

The arc length of the surface of the PM is:
W m = W g Cφ

(3.3)

where Cφ is the air gap ratio, or the ratio of PM surface area to a PM segment surface area.

Figure 3-11 The components of the rotor.

While there exists an actual air gap between the rotor and the stator, g0, there is an effective air gap
that takes into account the thin layer of potting material which covers the coils on the inside of the
stator. This value is,
g 0 plus = g 0 + t rpc
where trpc is the radial thickness of the thin potting layer. (See Figure 3-12. )
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(3.4)

Figure 3-12 The components of the stator.
The inner diameter of the stator may then be found with:
S id = R + 2 g 0

(3.5)

and the inner diameter of the coils is then,
d CID = S id + 2t rpc

(3.6)

Adding the radial thickness of the coils leads to the outer diameter of the coils:
dCOD = dCID + tc

(3.7)

This is also considered to be the inner diameter of the stator backiron.
The total number of winding stations in the motor is:
nstat = 3(2M )

(3.8)

This shows that there are three winding stations in the stator for each magnet of the rotor, one
station for each of the three phases of power used for this motor design.
The area, in the radial plane, of each winding station is therefore:
π (dCOD 2 − dCID 2 )
Astat =
nstat
4
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(3.9)

Using gage, the winding wire insulation thickness, tins, and diameter, dwire, are found in a lookup
file that is associated with the program. This information is then used to find the insulation
correction factor:

c ins =

d wire 2
( 2t ins + d wire )2

(3.10)

The portion of each station area that is occupied by copper wire and wire insulation is:
Atotwi = fg ⋅ Astat

(3.11)

where fg is the geometric packing factor of the windings and represents the portion of the area that
is actually taken up by winding instead of a void. This value is dependent on the quality of the
winding method and the stiffness and shape of the wire.
The cross-sectional area of the copper portion of each wire is then calculated as:

A perwire =

π
d wire 2
4

(3.12)

The total area of copper in each winding station is therefore:
Atotcu = Atotwi ⋅ cins

(3.13)

and the number of turns of wire in each winding station is:

Nw =

Atotcu
Aperwire

(3.14)

This value is rounded down to produce an integer value.
The bearing current density, or BCD, is commonly used in motor design as a measure of current
passing through a certain radial area of the stator. As the BCD increases, the current in each wire
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must increase, as does the heat generated from ohmic powerloss. Generally speaking, a BCD of
3.1 A/mm2, or less, is appropriate for a system that has no external cooling. A BCD of 4.65
A/mm2 may be used for an air-cooled motor. Any value greater than that may be used in a liquidcooled system [23].
The total current in each winding station is found as:
I stat = BCD ⋅ A stat

(3.15)

and the current in each wire is

I wire =

I stat
Nw

(3.16)

From here, the program goes on to calculate the bearing force and torque that may be produced
with the previously calculated characteristics. The flux phase correction factor is:
ε = cos( M ⋅γ )

(3.17)

where γ is the phase difference between the PM flux and the winding flux. For slow angular
movements of the rotor, γ is considered to be negligible.
The direct bearing current gain that would be required to produce the requested bearing force,
therefore, may be calculated as:

K ixx =

fb, r
4 ft , r
+
I wire
2π RI wire

where fb,r and ft,r are the requested bearing force and torque, respectively.
current gain that is required to produce the requested torque is:
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(3.18)

Likewise, the torque

2π Rf b , r + f t , r
4 I wire

(3.19)

4tm
π ( g 0 plus + tc )
ln(1 +
)
πµ RWm
(1 − Cφ )Wg

(3.20)

K iφ =

The magnet derating factor is,

kml = 1 +

where µR is the permeability of free space, 4πE-7 Henrys/meter. The derating factor is a measure
of the flux that leaks from magnet edges to the other magnets without passing across the air gap.
That flux could not be used for useful work, so a low derating factor is desirable.
From this, we can calculate the total flux due to the PMs as:

Bm =

2 BR tm
tm + µ R Cφ kml ( g 0 plus + tc )

(3.21)

where BR is the remenance flux density of the PMs. This is the maximum flux density the magnet
can produce by itself.

The length of this design is then finally calculated by:

L so ln =

2π R
fb, r + ft , r
4
2 2
π eRI wire MN w B m
6

(3.22)

It is at this point that a minor screening process occurs. The current value of Lsoln is compared to
the last value of Lsoln to be calculated. If the absolute value of the difference between them is less
than the increment for length specified by the designer, and if the value of tc is the same for both
calculations, then the current set of variables is eliminated from consideration. In this way,
practically redundant solutions are thrown out. This may be expressed mathematically as,
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If
abs( L so ln − L so ln, Old ) ≤ L step

(3.23)

t c = t c , Ol d

(3.24)

while

then go to the next value of tm.
The calculations continue by finding the peak bearing current density required to supply the peak
bearing force and torque requirements of the designer. The total peak current needed,

I tot , pk =

f pk , b , r f pk , t , r
+
K ixx
K iφ

(3.25)

where f pk , b , r and f pk , t , r are the requested peak bearing force and torque, respectively. The peak
current per winding station, therefore, is:
I stat , pk = N w I tot , pk

(3.26)

This yields the peak bearing current density required to achieve the requested peak forces:

BCD pk , req =

I stat , pk
A stat

(3.27)

At this point, the first two main screening processes take place. BCD pk , req is compared to the
designer’s input maximum BCD. If the calculated figure is less than the designer’s maximum,
then the process moves to the next screen. If the calculated figure is larger, however, this variable
set is removed from consideration and calculations on a new set begin. The second screen
compares the calculated motor length, Lsoln, to the range of length values provided by the designer.
If Lsoln does not fall into that range, then this set of design variables is eliminated. Otherwise, the
calculations on this set continue in order to find the values for the four objectives. This screening
process may be depicted mathematically by the following:
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If
BCD pk , req ≤ BCD pk , max

(3.28)

L so ln, min ≤ L so ln ≤ L so ln, max

(3.29)

Then
If

Then continue with the solution process for this set.
Else discontinue with this set and go to next set.
Else discontinue with this set and go to next set.
This set of calculations begins with details of the rotor and permanent magnets.

First, the

geometries of the PMs are found. As shown in Figure 3-11, the gaps between the permanent
magnets are considered to be equal in width across the radial direction, and the PMs are considered
to be arc-shaped on both their inner and outer diameters. From Equation (3.2) we know that Wg is
the arc length of a PM segment, so the arc length of one gap between PMs is:
S gap = W g( 1 − Cφ )

(3.30)

The outer diameter of the rotor back iron is defined as,
d rbi = R − 2t m

(3.31)

The PMs are seated on the rotor back iron, or rotor hub, with a small nub of the hub between their
bases to provide separation and support. The angle, in the radial plane, taken up by the width of
each of those nubs is:

ω nub = 2

S gap
R

and the width of each of the nubs is then:
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(3.32)

w nub = sin(

ω nub
) ⋅ d rbi
2

(3.33)

Figure 3-13 The permanent magnet section components

The area, in the radial plane, of each of the PMs is simply,

A mag =

π Cφ ( R 2 − d rbi 2 )
8M

(3.34)

Similarly, the area of the gap between the PMs is:

A gap =

π ( 1 − Cφ )( R 2 − d rbi 2 )
8M

(3.35)

In order to find the required thicknesses of the rotor and stator backirons, the airgap between the
rotor and stator must be analyzed. The arc length of the air gap over one PM segment, halfway
between the rotor and the stator, is:

S aag =

π ( R + g 0 plus )
2M
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(3.36)

This is considered to be the portion of the air gap through which flux from one PM flows. The
area of this average airgap, in the axial plane, is then:
A aag = S aag ⋅ L so ln

(3.37)

The stator backiron is laminated, in the axial direction, with layers of high-permeability material so
that each layer has a small thickness and, therefore, creates very low eddy losses. The portion of
the length of the backiron that is actually metal is then:
L bi = L so ln⋅ k st

(3.38)

where k st is the lamination stacking factor.

The surface area, in the axial direction, of each PM is:
A pm = W m ⋅ L so ln

(3.39)

Because the PMs are mounted on the rotor with alternating flux directions, it is assumed the flux
from each PM splits when it reaches the backirons. Half of that flux path travels in one direction
around the backiron, and half travels in the other direction. Because of that theory, the thicknesses
of the backirons are considered to carry half of the flux from a PM. The designer must also
consider, however, that the portion of the PM flux that does travel through the backirons must not
exceed the saturation flux density of the backiron material, Bsat. LFMD, therefore, allows the
designer to choose a factor, fbi, that dictates what portion of Bsat is allowed to be taken up by the
PM flux. A value of one would mean that Bsat and the flux actually in the backirons would be the
same.
From this information, the cross-sectional area, in the axial direction, of the backirons needed to
maintain this proper flux density is:
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A bi =

B m A aag
2 f bi B sat

(3.40)

This allows the true radial thickness of the stator backiron, including the laminations, to be found
as:

t sbi =

A bi
L bi

(3.41)

and the radial thickness of the rotor backiron, which is not laminated, as:
t rbi =

A bi
L so ln

(3.42)

The rotor’s inner diameter (also considered to be the maximum possible shaft outer diameter) is
then:
R id = R − 2t m − 2t rbi

(3.43)

The stator backiron outer diameter is also the motor’s outer diameter. Therefore,
MotorOD = d COD + 2t sbi

(3.44)

In order to find the ohmic powerloss for each set of variables, some details about the coils must be
calculated. Each wire enters the stator and is wound around one or more sets of winding segments
before exiting the stator. Since the motor has a slotless, three-phase configuration, the coils are
wound in a triple-lap formation. This is shown in Figure 2-4. Being the case, each winding loop
spans three individual winding sections. The portion of the winding that travels in the direction of
the circumference of the coil ring is called the endturn. The length of the each of the endturn sides
of the coils is:

L et =

3π d coilOD
n stat
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(3.45)

Because the coils are shaped to run down the length of the motor and then turn to run along the
circumference of the coil ring, then there exists some extra length of the coils beyond Lsoln in order
to facilitate the bend in the wire. This endturn ‘height’ is calculated as:
h et = 1 . 2 N w ( d wire + 2t ins )

(3.46)

where the factor of 1.2 is a good general value for a scaling factor that depends on wire stiffness
and diameter. This factor takes into account the fact that the wire can not make a perfect rightangle turn as it bends around the endturn. This is illustrated in Figure 3-14.

Figure 3-14 Top-view of a coil, including end turns.
The total axial length of a coil is therefore:
L tot = L so ln + 2h et

(3.47)

and the total length of one loop around such a segment would be,
L loop = 2 L tot + 2 L et

(3.48)

The number of winding segments that each wire loops around is:

n loops =

M
4
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(3.49)

The total length of one wire as it travels through the stator is therefore calculated as:
L wire = N w ⋅ L loop ⋅ n loops

(3.50)

The electrical resistance of the wire, at operating temperature, Top, is:

R wire =

L wire
ρ ( 1 + 0 . 00393 ⋅ ( T op − 20 ))
A wire

(3.51)

where ρ is the resistivity of wire at 200 C and is equal to 1.7287161E-8.
The total RMS powerloss for all 12 phases of the motor is therefore,
P loss = 12 ⋅ I tot 2 ⋅ R wire

(3.52)

The final set of calculations that must be performed before the optimization comparisons may
begin concerns the masses of the motor components.

The densities of the components are

provided by the designer.
First, the mass of each PM is:
m pm = A mag L so ln ρ pm

(3.53)

where ρ pm is the density of the PM material.
Similarly, the mass of the material in the gap between each PM is:

m gap = A gap L so ln ρ pot( 1 −

entair
)
100

(3.54)

where ρ pot is the density of the potting material typically poured in the gap, and entair is the
percentage of entrained air caught in the potting. Careful manufacturing processes will reduce this
value to less than 10%.
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The mass of the rotor backiron is calculated as:

m rbi =

π
( d rbi 2 − R id 2 )L so ln ρ bi
4

(3.55)

where ρ bi is the density of the backiron material.

The volume of the stator backiron is comprised of both backiron material and lamination material.
This total volume is calculated as:

V sbi =

π
( MotorOD 2 − d coilOD 2 )
4

(3.56)

The total mass of the stator backiron, including iron and laminations, is therefore:
m sbi = ρ bi k st V sbi + ρ lam( 1 − k st )V sbi

(3.57)

where ρ lam is the density of the lamination material.

The mass of each winding station is comprised of the mass of the copper coils, the mass of the
insulation on the coils and the mass of the potting that covers the coils at the ends of the motor.
This mass is therefore:

m stat = ρ cu A totcu L tot + ρ ins( A totwi − A totcu )L tot + 2 ρ pot A stat rpc( 1 −

entair
) (3.58)
100

The mass of the potting layer that covers in the inner diameter of the coils is,

m layer =

π
entair
ρ pot( d CID 2 − S ID 2 )L tot( 1 −
)
4
100
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(3.59)

The total mass of the stator is therefore:
m stator = m sbi + 6Mm stat + m layer

(3.60)

and the total mass of the rotor is:
m rotor = 2Mm pm + 2Mm gap + m rbi

(3.61)

Therefore, the total mass of the motor is:
m motor = m stator + m rotor

(3.62)

These are all of the equations used to find the four optimal solutions. Once the program has
isolated those solutions, a few additional characteristics of those designs are found and presented
on the Detailed Optimization page in LFMD.
The permeance coefficient, Pc, is a measure of the ratio of PM thickness to the radial air gap and
the flux concentration factor. The significant result of this is that in order to maintain a constant
Pc as the flux concentration factor doubles, the PM volume must increase by a factor of four.
Therefore, concentrating PM flux necessarily leads to a size and mass tradeoff. This is shown by
the following:

Pc =

tm
Vpm
=
g 0C φ V g C φ 2

(3.63)

where Vpm and Vg are the volume of a PM and the volume of the air gap over a PM, respectively.
For a centered rotor position, the permeance of the air gap is,

P g = µ 0W g

L so ln
g 0 plus + t c
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(3.64)

and the permeance of the PMs is,
P m = µ R µ 0W m L so ln kml
tm

(3.65)

The flux amplitude of the PMs is therefore,
Pg
Pg + Pm

B mk = 2 B r

(3.66)

The RMS and peak currents required to produce the designer’s requested bearing and torque forces
are as follows:

I b , RMS =

f br
K ixx

(3.67)

I φ , RMS =

f tr
K iφ

(3.68)

I b , pk =

f br , pk
K ixx

(3.69)

I φ , pk =

f tr , pk
K iφ

(3.70)

and

The total inductance of each of the wires in the triple-lapped winding (see Figure 2-4) is considered
to be the sum of the self-inductance and some mutual inductance [18].

Modeled after a typical air

coil solenoid, it is derived as:

L i , wire = 1 . 3 ⋅ n loops

µ0 2
N w A coil
tc

(3.71)

where the factor of 1.3 includes the effects of mutual inductance from surrounding coils, and where
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A coil = 3 . 3π L so ln

d coilOD + d coilID
2n stat

(3.72)

is the axial cross-sectional area (arc length around the motor multiplied by the length of the motor)
of a coil that spans an average of 3.3 winding stations in its length. Note that this calculation does
not take into account the flux in the air gap due to the permanent magnets. A value representing
that does not appear in this thesis because no conclusive experiments have been completed as of
yet.

The additional flux, however, should serve to increase the inductance of the coils

significantly.
In both the Quick Analysis routine and the Detailed Optimization routine, the program may
calculate a total voltage required to operate the motor at a given force slewrate. In the Quick
Analysis, a slewrate is provided by the designer, and the supply voltage required to achieve that
slewrate is then reported. In the Detailed Optimization portion of the program, the designer has the
option to use a power limit as a final screening process during the optimization routine. If this
option is checked on the Detailed Optimization form, the designer’s requested supply power limit
is compared to the calculated power necessary to achieve the designer’s requested slewrate.
The RMS supply voltage, per wire, required to achieve the requested slewrate is calculated with
the assumption that all RMS current is used for bearing force only. This is written as,

V req = x slew

L i , wire
+ ( I b , rms + I φ , rms )R wire
K ixx

(3.73)

where xslew is the force slewrate.
The total of all RMS currents is,
I RMS , tot = 12 ⋅ ( I b, RMS + I φ , RMS )
where 12 is the total number of wires used in the stator design.
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(3.74)

The RMS supply power required to produce the requested slewrate is therefore,
P sup, RMS = V req ⋅ I tot , RMS

(3.75)

From this, a zero-velocity efficiency can be calculated. This value represents the efficiency of the
motor when it has a zero angular velocity. It compares the ohmic powerloss and the RMS supply
power according to the following:

E zero =

P sup, RMS − P loss
P sup, RMS

(3.76)

The Unimodality Assumption
As mentioned in Chapter Two, the proper selection of a global minimum in these problems
depends on the unimodal form of the objectives. The functions, depicted in Figure 2-6 through
Figure 2-9, are proven to be unimodal by observing their first derivatives with respect to tm and tc.
If the first derivatives are proven to always be either positive or negative, then there are no
inflections in the functions’ curves and unimodality is proven.
All four functions can be expressed in terms of several variables, a few of which are used in all of
the functions. To simplify the algebraic effort required to compute the derivatives of these
complex functions, the derivatives of the variables that comprise the functions are observed and the
results are then combined. In doing so, a better understanding of the relationship between the
objective functions and tm and tc is gained.
As an example, the powerloss function is examined. According to Equation (3.52), powerloss is a
function of the current in a wire and the resistance of the wire. Both of these values may be broken
down further and further until one is left with relationships that are in terms of constants (true
constants and variables which are being held constant during an iteration step) and tm and tc. In
particular, after some algebraic manipulation, the current in a wire can be related as,
I wire =

π BCD ⋅ d wire 2
4 ⋅ c ins ⋅ f g
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(3.77)

This formula is not comprised of either tm or tc. Therefore, the partial derivatives, with respect to tm
and tc, are both equal to zero.
The formulation of an equation for the resistance of a wire is more complex. Equations (3.45)
through (3.51) lead to the value for resistance. When formulated in terms of the two variables,
however, Equation (3.50) proves to be of most interest. Specifically, Nw and nloops may both be
proven to lead to positive first derivatives with respect to tm and tc. The value of Lloop, however, is
conditional upon which partial derivative is being considered. This is because the flux in the air
gap due to the PMs, Bm, decreases with increasing tc (the flux effective air gap is increased) and
increases with increasing tm (thicker magnets produce higher flux density). Bm is a product in the
formula for Lsoln, which, in turn, is the largest-valued term in the formulation of Lloop. Therefore,
one concludes that,
∂ R wire
<0
∂t m

(3.78)

∂ R wire
>0
∂tc

(3.79)

for all tm greater than zero, and

for all tc greater than zero. This leads to the conclusion that the first derivatives of powerloss are
related similarly. In other words, the slope of the powerloss function is always negative (thus
unimodal) with respect to PM radial thickness, tm, and is always positive (also unimodal) with
respect to coil radial thickness, tc. In a more practical sense, one would expect powerloss to be
lowest at the largest value of tm being considered. It would also be lowest at the smallest value of tc
being considered. This is, in fact, the trend observed in Figure 2-6. The proofs of unimodality for
the other functions are formulated in the same way.
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Benchmarking the Design Process
In order to prove the validity of the LFMD design process, the program’s function itself must be
proven in three ways. First, the Detailed Optimization section of the program must truly be
choosing and reporting the true minimum values for the objective functions. Second, results from
the two sections of the program should agree with each other if the sections are analyzing the same
design. Third, the program’s results should correspond to the actual values of a real application.
The first point of validation is proven by simply collecting the data that the Detailed Optimization
routine uses to choose optimal solutions. That data may then be sorted in ascending order
according to the function in question, using another program such as Microsoft Excel. The
minimal solution is then the data set on the top of the list. Table 3-2 through Table 3-5 lists the
first five sorted solution sets for each objective function. These data correspond to the data
displayed in the corresponding analysis, shown in Figure 3-15. In each case, the selection process
is arranged so that if two or more objective solutions are equal, then the solution that yielded the
lowest powerloss is chosen. For example, Table 3-3 lists the same value of motor OD in all five
solutions. From that group, LFMD chose the solution that has the lowest value for powerloss.
The second validation point is proven simply by comparing the results of the two sections of the
program. The sample analysis shown in Figure 3-15 was set up using the corresponding input data
and results data from a Quick Analysis run. Figure 3-16 displays the page of the designer’s inputs
and the results for this test. In order for the two tests to correspond, information taken from the
Quick Analysis form was used to configure the optimization routine. The requested bearing force
and torque values used in the Detailed Optimization are exactly the results that were given in the
Quick Analysis for the situation when half of the available current is used to provide bearing force
and half to provide torque.
Table 3-6 summarizes the success of this benchmarking test by comparing some important design
values. The table reveals what values were used for inputs on each form and what values were
provided as results. There are a few small differences between values, having to do with the
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electrical characteristics of the design, but even these are not significant. Most importantly, all
geometries and all force generation match precisely.

Table 3-2 Minimized Powerloss Data -- The Five Lowest Solutions
tc

tm

Powerloss (W)

Motor OD (meters) Motor Mass (kg) Motor Length (meters)

0.0030

0.0250

19.81517175

0.124036791

2.131972269

0.030069245

0.0030

0.0250

19.95262822

0.116797754

2.152693178

0.034027579

0.0030

0.0250

19.96449190

0.121621383

2.137851183

0.031300437

0.0030

0.0250

20.01570098

0.128874208

2.121957539

0.027834925

0.0030

0.0250

20.04488761

0.121621383

2.137898950

0.031300437

Table 3-3 Minimized Motor OD Data -- The Five Lowest Solutions
tc

tm

Powerloss (W)

Motor OD (meters) Motor Mass (kg) Motor Length (meters)

0.0070

0.0220

44.39172925

0.103770973

1.630449464

0.034831112

0.0070

0.0220

44.89259258

0.103770973

1.629820383

0.034831112

0.0070

0.0220

45.52005176

0.103770973

1.628357064

0.034831112

0.0070

0.0220

45.97196970

0.103770973

1.627000075

0.034831112

0.0070

0.0220

46.86504578

0.103770973

1.625157628

0.034831112
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Table 3-4 Minimized Motor Mass -- The Five Lowest Solutions
tc

tm

Powerloss (W)

Motor OD (meters) Motor Mass (kg) Motor Length (meters)

0.0050

0.0060

37.66315409

0.119601511

1.125649530

0.034892648

0.0050

0.0060

37.15259812

0.119601511

1.126979830

0.034892648

0.0050

0.0060

36.44484164

0.119601511

1.128325268

0.034892648

0.0050

0.0060

37.89152263

0.121902469

1.128838232

0.033905849

0.0090

0.0040

83.35285423

0.175889879

1.129156072

0.015325007

Table 3-5 Minimized Motor Length -- The Five Lowest Solutions
tc

tm

Powerloss (W)

Motor OD (meters) Motor Mass (kg) Motor Length (meters)

0.003

0.019

24.923561585

0.181830078

2.024015205

0.015003199

0.003

0.019

25.126150094

0.181830078

2.023901394

0.015003199

0.003

0.019

25.272094181

0.181830078

2.023198601

0.015003199

0.003

0.019

25.778181895

0.181830078

2.022208452

0.015003199

0.003

0.019

26.308721596

0.181830078

2.021139642

0.015003199
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Figure 3-15 Sample Detailed Optimization Results for Benchmarking Tests
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Figure 3-16 Sample Quick Analysis Results for Benchmarking Tests

Table 3-6 Summary of LFMD Results Comparison from the Benchmarking Test

LFMD SelfBenchmark

Quick
Analysis

Detailed
Optimization

Given Values
Bearing Force
(RMS / Peak)
Torque
(RMS / Peak)
Nominal Air
Gap

N
N-m

Quick
Analysis

Detailed
Optimization

Calculated Values

17.254
/29.677

17.254
/29.677

1.533 / 2.637

1.533 / 2.637

mm

0.3

0.3

PM Thickness mm

30

30

Rotor OD

mm

80

80

Coil
Thickness

mm

12

12

PM Pole Pairs

Pairs

8

8

Wire Gage

AWG

24

24

# of Wire
Turns/Station
Flux Factor
Rotor
Backiron
Thickness
Stator
Backiron
Thickness
Total RMS
Current per
Wire
Motor Length

mm

Powerloss

Watts

148.7

147.9

Motor OD
Total Motor
Mass

mm

114.72

114.72

kg

2.0

2.0

159

160

0.8

0.8

mm

3.188

3.188

mm

4.554

4.554

Amps

1.850
28.52

1.838
28.52
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The final method of benchmarking this design program is to compare its results to a real-world
application. The SBIR7 test rig discussed in Chapter Three and illustrated in Figure 3-1 is used as
a basis for this comparison. The necessary values corresponding to the SBIR7 design were input
into the LFMD Quick Analysis form. The same BCD, bearing force and torque results from the
Quick Analysis were input into the Detailed Optimization form. In addition, the radial air gap
minimum value, in the Detailed Optimization form, was set at 0.7 mm so that designs similar to the
SBIR7 test rig would be produced. The results, presented in Table 3-7 and Table 3-8, are for a
self-bearing motor that would provide 8.898 N of RMS bearing force, 17.222 N of peak bearing
force, 1.004 N-m of RMS torque, and 1.943 N-m of peak torque.
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Table 3-7 LFMD versus SBIR7 Benchmark Results, Part 1
SBIR7

Quick

(Exp),

Analysis

Min.

Min.

Min

Min

Theory [24]

Value

Powerloss

OD

Mass

Length

--

8

8

12

12

16

12

--

48

48

72

72

96

72

--

85

85

31

61

94

56

(mm)

7.75

7.75

25

22

6

19

(mm)

3.87

3.87

3.0

7.0

5.0

3.0

(mm)

0.762

0.762

0.7

0.7

0.7

0.8

(mm)

101.6

101.6

102.0

82.0

102.0

150.0

--

2.055

2.055

6.91

10.30

3.52

3.55

(T)

0.77

0.774

0.847

0.413

0.430

0.985

Wire Gage

AWG

28

28

24

24

28

25

RMS Current

A

0.85

0.988

1.405

1.429

0.588

1.129

12.71

12.71

25.9

22.8

6.2

18.2

Property
# of Pole Pairs, M
# of Winding
Stations, Ns
Wires per Station,
Nw
Thickness of
PMs, tm
Thickness of coil
windings, tc
Nominal radial air
gap, go
Rotor Outer
Diameter, R
PM Leakage
Factor, kml
PM Flux Density,
Bm

PC

Units
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Detailed Optimization Values

Table 3-8 LFMD versus SBIR7 Benchmark Results, Part 2
SBIR7

Quick

(Exp),

Analysis

Min.

Min.

Min

Min

Theory [24]

Value

Powerloss

OD

Mass

Length

(W)

(34.9)

49.4

19.8

44.4

37.7

24.9

(mm)

123.3

130.88

124.0

103.8

119.6

181.3

Motor Mass, mtot

(kg)

~1.5

1.56

2.13

1.63

1.13

2.02

Motor Length, L

(mm)

25.4

25.4

30.1

34.8

34.9

15.0

(N/A)

(23.0), 17.8

17.84

12.63

14.04

30.08

13.23

(Nm/A)

(2.6), 2.0

2.013

1.431

1.279

3.408

2.205

(N/A)

0.024

-0.022

-6.8 E-4

-2.3 E-3

-0.042

-2.6 E-3

(N/mm)

-2.1

-1.9

-1.5

-1.4

-3.9

-1.3

(N/mm)

-101.0

-94.5

-148.9

-272.5

-478.6

-116.2

(N/A)

(3.2), ±1.1

1.07

0.76

0.84

1.80

0.79

Property
Powerloss, Ploss

Units

Detailed Optimization Values

Motor Outer
Diameter,
MotorOD

Direct Bearing
Current Gain, Kixx
Direct Torque
Current Gain, Kiθ
Winding Flux
Side-pull Gain,
Kxyw
Lorentz Side-pull
Gain, KxyL
PM Negative
Stiffness Gain,
Kxxm
Max. Crosscoupled Gain,
Kixy

Note that the only geometric characteristic discrepancy between the actual SBIR7 test rig and the
Quick Analysis results is the outer diameter of the rotor. This is due to the fact that LFMD found
that the stator backiron needed to be thicker than it actually is in the test rig in order to avoid flux
saturation of the backiron.
The Detailed Optimization routine provided design results that are similar to the existing test rig.
For each optimization, however, the characteristic being optimized was lower than that on the
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SBIR7 rig. All four optimized solutions have more pole pairs and thicker permanent magnets in
their designs. In addition, all except the minimized mass solution have a significantly larger
permeance coefficient (PC). This means that the PMs in those designs are operating with a flux
density closer to their remenance and that their permeance is higher.
The minimum powerloss solution has a lower powerloss than the test rig, but the length of that
design is longer than the existing rig. There are fewer, but thicker, coils per winding station.
Overall, the optimized design utilizes a lower current and longer, thicker magnets to reduce
powerloss and still provide the desired bearing force and torque.
For the minimum motor outer diameter solution, the coils are thicker than the SBIR7 test rig
design. The effects of that and thicker permanent magnets yield a flux due to the PMs that is
significantly lower than that of the test rig. The minimized solution has a much smaller rotor outer
diameter that contributes greatly to the increased PM flux leakage factor. However, a longer motor
and higher coil currents provide the needed torque and bearing force.
As for the minimized mass solution, the computer routine chose a solution with very thin
permanent magnets and more PM pole pairs than the other solutions. This yielded the lowest PC
of all four optimized solutions. It also has the largest length, largest direct bearing current gain,
and largest direct torque current gain of all four solutions. In turn, this solution also yielded the
strongest side-pull forces of the set of solutions.
The minimized length solution is nearly half the length of the other minimized solutions. In many
ways, it is similar in design to the other solutions with the exception of its extraordinarily larger
rotor and motor outer diameters. Moderately thick PMs mounted on a wide rotor provide large PM
surface areas, thus providing the necessary torque and bearing force while still minimizing length.

72

CHAPTER FOUR : Application to Space Problems
As proposed in Chapter One, the Lorentz, slotless self-bearing motor offers the potential for
unprecedented pointing accuracy, as well as many other benefits, in a variety of space applications.
A few proposed space applications were presented briefly in the application matrix, Table 1-1.
The data that make up that table are a mixture of values suggested by space device manufacturers
and of ‘best guesses.’ They do not represent the specifications of existing devices. They serve
only to give the reader an interesting frame of reference from which to evaluate the usefulness of
this motor design procedure.
The program, LFMD, was used to find optimal design solutions for two of the four applications
mentioned in Chapter One. The four minimized objectives were found using the bearing force and
torque requirements presented in the application matrix. Both evaluations were performed using a
RMS bearing current density of 5 A/mm2 and a peak bearing current density of 7 A/mm2.
Such devices may include gyroscopes, telescopes, or a variety of sensors. The requested bearing
force and torque requirements are moderately light and thus suggest that the devices are
moderately small. All four of the results may be over-designed, however, due to the fact that the
bearing force constantly needed in space is nearly negligible. The requested values for RMS force
would probably only be needed when attenuating heavy vibrations in the system. For the sake of
discussion, however, it will be assumed that these values are truly required for the application.
Table 4-1 presents the design results for a satellite navigation sensor pointer. As in the SBIR7 test
rig design results presented in Chapter Three, the minimum powerloss solution has a large rotor
and stator outer diameter. This allows for more PM surface area, and thus more air gap magnetic
flux, yet also produces the heaviest of the four designs. The length of the coil windings are much
shorter than in the other designs, so the resistance in the wires is also much less. This yields a low
powerloss even though the RMS current is relatively high. The minimum motor outer diameter
solution depicts a motor that is nearly as heavy as the minimum powerloss solution due to its
excessive length. Since the rotor diameter is relatively small compared to the other designs, the
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bearing force requirement must be met by increasing the length of the PMs. The minimum motor
mass design depicts, again, a very wide, but short, motor. With sufficiently thick PMs, the smallest
air gap, and many turns of thin winding coils, this design produces the air gap flux necessary for
the bearing force and torque requirements. It also produces, however, the design with the highest
powerloss. Similarly, the minimum length solution is the widest motor of the four designs. This
yields the most PM surface area of all of the solutions in order to achieve the requested force
requirements.
Table 4-1 Optimized Designs for a Satellite Navigation Sensor Pointer

Minimized
Powerloss

Minimized
Motor OD

Minimized
Total Mass

Minimized
Length

10.0 / 14.0

10.0 / 14.0

10.0 / 14.0

10.0 / 14.0

N-m

5.0 / 7.0

5.0 / 7.0

5.0 / 7.0

5.0 / 7.0

Powerloss

Watts

67.5

183.6

205.6

90.6

Motor OD

mm

169.1

101.1

194.0

230.9

Total Motor
Mass

kg

4.0

3.3

1.4

3.1

27.4

69.9

19.5

15.0

Pairs

16

12

16

12

mm

0.9

0.8

0.7

1.10

AWG

22

26

28

22

Amps

3.5

1.5

1.0

3.5

Satellite Navigation
Sensor Pointer
Bearing
Force (RMS /
Peak)
Torque
(RMS / Peak)

N

Motor Length mm
PM Pole
Pairs
Nominal Air
Gap
Wire Gage
Total RMS
Current per
Wire

Table 4-2 presents the optimization results for a laser communications crosslink between two
satellites in geosynchronous earth orbit (GEO). This application of the Lorentz, slotless selfbearing motor is probably one of the most demanding in terms of precision pointing. Satellites in
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GEO are tens of thousands of kilometers apart, so very small angular pointing deviations at the
source of a line-of-sight energy emitter, such as a laser, would translate into a significant
misalignment at the target position.
The discussion of the design results is very similar to that of the navigation sensor pointer. Note,
however, that all of the designs use the nominal air gap value that was given as µ0min in the Detailed
Optimization routine. Also note the extremely high powerloss that is part of the minimized length
design. That is caused by the very long length of each of the coil windings as well as the high
RMS current in the coils.
Table 4-2 Optimized Designs for a Geo-Geo Satellite Laser Communications Crosslink
Minimized
Powerloss

Minimized
Motor OD

Minimized
Total Mass

Minimized
Length

N

66.0 / 92.4

66.0 / 92.4

66.0 / 92.4

66.0 / 92.4

N-m

13.0 / 18.2

13.0 / 18.2

13.0 / 18.2

13.0 / 18.2

Powerloss

Watts

157.2

555.1

563.7

2659.3

Motor OD

mm

199.4

140.2

175.5

239.0

Total Motor
Mass

kg

15.0

6.8

4.5

11.0

Motor Length

mm

71.5

74.8

67.0

24.5

PM Pole Pairs

Pairs

8

8

12

8

mm

0.6

0.6

0.6

0.6

AWG

22

22

23

22

Amps

3.56

3.58

2.88

3.59

GEO Laser Comm.
Crosslink
Bearing Force
(RMS / Peak)
Torque
(RMS / Peak)

Nominal Air
Gap
Wire Gage
Total RMS
Current per
Wire

Military, scientific, and commercial applications are demanding increasingly fast and accurate data
transmission using satellites in earth orbit.

These applications may include real-time battle

logistics during wartime or civilian voice communication services.
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Concurrently, satellite

manufacturing and launch budgets are decreasing – leading to the demand for smaller and lighter
satellite packages.
Figure 4-1 illustrates one of the primary advantages of using optical communications on satellites
in lieu of typical extra-high frequency (EHF) radio waves. Though compiled in 1996, the figure
reveals that for a data transmission rate of one gigabit per second, an EHF emitter aperture would
need to be over five feet in diameter. By way of comparison, an optical emitter large enough to
produce that data transmission rate would only be just over six inches in diameter.

Figure 4-1 Aperture Diameter versus Data Rate for EHF and Optical Transmissions [25]

Copyright  Barrett A. Steele, 2002
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CHAPTER FIVE : Summary and Conclusions
Summary
In this thesis, a new precision pointing device for use in space applications has been presented.
The design of the Lorentz, slotless self-bearing motor was illustrated and explained. The bearing
force and torque generation principles were summarized and an existing Lorentz, slotless selfbearing motor test rig, the SBIR7 test rig, was presented.
A software design tool, LFMD, was then described in detail. In that discussion, the specific
formulas used to generate minimum designs for powerloss, motor outer diameter, motor mass, and
length were provided. The solution selection and screening techniques used in the Detailed
Optimization portion of the program were also described in detail. The theory behind the main
screening process was then presented. In that discussion, it was shown that many variable sets do
not need to be used in the solution search due to the unimodality of the objective functions with
respect to PM thickness and winding thickness. The solutions from Detailed Optimization and the
Quick Analysis portions of LFMD were then proven to be the same for the same design criterion,
thus proving consistency in the program. The program was then benchmarked against the SBIR7
test rig. This revealed the accuracy of both the software and the theoretical models that comprise
the calculations.
Finally, the two space applications that were briefly mentioned in Chapter One were revisited.
Using LFMD, optimal designs for a satellite navigation sensor pointer and a GEO-GEO laser
communications crosslink were presented and discussed.
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Conclusions

A Lorentz, self-bearing motor may be utilized in space for precision pointing applications.
Stephens, et al, have demonstrated, and continue to build upon, not only the bearing force and
torque characteristics of the motor, but also the pointing accuracy and control issues related to
the motor [3, 19, 21, 24]. This thesis has developed the motor design portion of that research by
analyzing the design method and by creating a software tool to automate the design.
The software tool, LFMD, was created primarily to produce motor designs that are optimized
over four different objectives – minimized powerloss, minimized motor outer diameter,
minimized mass, and minimized length. The validity of LFMD was proven via three benchmark
methods. First, the Detailed Optimization portion of the program was shown to be choosing the
correct variable sets as optima. Second, results from the two portions of the program were
compared and were shown to be practically identical. Finally, the program’s results were
compared to an actual working Lorentz, self-bearing motor, the SBIR7 test rig. The LFMD
results compared very favorably to both the theoretical and the experimental characteristics of
the test rig.
LFMD was then used to create optimal designs for two general types of space applications.
Even though the input data provided for these examples do not necessarily represent existing
systems, the optimized design results demonstrate the variety of motor characteristics that may
make up the four minimizations.
Future Work
Beneficial work to be performed on this topic in the future is based primarily around modifying
LFMD to improve both its efficiency and its functionality. Suggested modifications are as follows:
1.) Reconfigure the Detailed Optimization routine to use true multivariable optimization
techniques. This may be done using Visual Basic as a front-end for the program and
Matlab, with its various built-in optimization routines, as a solver.
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2.) Study and implement scaling issues for very large and very small actuators. Perhaps the
most interesting and practical of the two extremes is the very small design. Heat and PM
flux leakage become very significant issues with decreasing motor diameter.
3.) Adapt LFMD for other winding configurations that lead to slightly different force and
torque generation formulas. Perhaps include an input area for the designer to type in the
formula in terms of particular design variables.
4.) Model the thermal characteristics of the motor and include a thermal analysis of each
motor design in LFMD. Instead of using the industry ‘rule of thumb’, in terms of the
bearing current density, the program could then actually determine if overheating could
become an issue for each design.
5.) Perform a weighted minimization of all four objective functions. This would allow the
designer to choose a design that is minimized in two or more variables without having to
compromise the other variables at the same time.
6.) Configure LFMD to perform an optimization of pointing resolution and control effects.
This may incorporate a µ-analysis subroutine to find stable controller gains.

Copyright  Barrett A. Steele, 2002
79

INDEX
Beams, 3

self-bearing, 2

bearings, 2

Okada, 6

Bischel, 6

permeability, 7

Bsat, 7, 11, 53

power density, 2

Chiba, 6

relative permeability, 15

Earnshaw, 3, 5

reluctance, 4, 6, 7, 8, 15, 16

feedback control, 2

rotor, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15,

flux concentration factor, 15

16, 17, 22, 24, 26, 27, 28, 31, 33, 44, 45,

flux leakage, 9, 17, 44, 72, 80

46, 48, 51, 52, 53, 54, 56, 58, 71, 72, 73

gyroscope, 3

rotordynamic, 1, 2

Hanselman, 17

satellite, ii, 1, 3, 73, 76, 78

Holmes, 3

satellites, 1

Kemper, 3

SBIR7 Test Rig, 30, 31, 33, 69, 70, 71, 72,

Kim, 15

73, 78

laser communications, 1, 75, 78

Schoeb, 6

LFMD

Schweitzer, 4

Detailed Optimization, 20, 37, 38, 39, 40,

sensor, 1

41, 42, 43, 44, 58, 60, 62, 63, 66, 68, 69,

stator, 6, 8, 9, 10, 11, 12, 14, 15, 16, 17, 23,

70, 71, 75, 78, 79

25, 27, 28, 31, 44, 45, 46, 47, 52, 53, 54,

Quick Analysis, 20, 34, 35, 36, 60, 63, 67,

55, 57, 60, 71, 73

68, 69, 70, 71, 78

Stephens, ii, 8, 12, 14, 15, 44, 88

Lorentz forces, 4, 6

torque, 2, 6, 8

MAGLEV, 3, 4

detent and cogging, 8

magnet leakage factor, 15

unimodal function, 19, 20, 26, 27, 37, 61, 62

Maxwell force, 7

vibration, 1, 2

Maxwell forces, 4, 6

isolation, 2

momentum wheel, 3

rejection, 2

motors, 2, 6

rotordynamic, 2

bearingless, 2
80

REFERENCES
1.

Sedgewick, J., D. Carroll, and L.S. Stephens, Electromagnetic Suspension Two-Axis
Gimbal Satellite Antenna System, Task A Report. 2001, Airex Corporation: Dover, NH. p.
20-22.

2.

Carroll, D., Discussion of Feasible Torque and Bearing Force Values for Certain Space
Applications, B.A. Steele, Editor. 2002: Lexington, Ky.

3.

Stephens, L.S. and D.G. Kim, Force and Torque Characteristics for a Slotless, Lorentz
Self-Bearing Servomotor. IEEE Transactions on Magnetics, 2002. 38(4): p. 1764-1773.

4.

Earnshaw, S., On the nature of the molecular forces which regulate the constitution of the
lumiferous ether. Trans. Camb. Phil. Soc., 1842(7): p. 97-112.

5.

Kemper, H., Overhead suspension railway with wheelless vehicles employing magnetic
suspension from iron rails., in Germ. Pat. Nos. 643316 (1937) and 644302 (1937). 1937:
Germany.

6.

Beams, J.W., High rotation speeds. Journal of Applied Physics, 1937(8): p. 795-806.

7.

Klimek, W., A contribution to the measurement technique using electromagnetic
suspension, in DLR Forschungsbericht 72-30. 1972.

8.

Fenn, R.C., et al. An Active Magnetic Suspension System for Space-Based Microgravity
Vibration Isolation. in ASME 1990 Symposium on Active Control for Vibration Isolation
and Pointing. 1990. Dallas, Texas, USA.

9.

Gondhalekar, V. and G. Schweitzer. Dynamics and magnetic control of a Micro-Gravity
Platform. in Rep. Inst. Mechanics. 1984. Zurich, Switzerland.

10.

Schweitzer, G., R. Larsonneur, and A. Traxler, Active Magnetic Bearings Tutorial. 2000,
Zurich, Switzerland: ETH, Zurich. 244.

11.

Schweitzer, G. Stabilization of self-excited rotor vibrations by an active damper. in IUTAM
Symposium on Dynamics of Rotors. 1975. Springer-Verlag, Berlin.

12.

Bleuler, H., A Survey of Magnetic Levitation and Magnetic Bearing Types. JSME
International Journal, 1992. 35(3): p. 335-342.

81

13.

Salazar, A.O., A. Chiba, and T. Fukao. A Review of Developments in Bearingless Motors.
in Seventh International Symposium on Magnetic Bearings. 2000. ETH, Zurich,
Switzerland.

14.

Bischel, J. The bearingless electrical machine. in International Symposium on Magnetic
Suspension Technology. 1991. Langley Research Center, Hampton, Va., USA: NASA.

15.

Chiba, A., M.A. Rahman, and T. Fukao, Radial forces in bearingless reluctance motor.
IEEE Transactions on Magnetics, 1991. 27: p. 786.

16.

Schoeb, R. and J. Bichel. Vector control of bearingless motor. in Fourth International
Symposium on Magnetic Bearings. 1994. ETH, Zurich, Switzerland.

17.

Okada, Y., S. Miyamoto, and T. Ohishi, Levitation and torque control of internal
permanent magnet type bearingless motor. IEEE Transactions on Control Systems
Technology, 1996. 4(5): p. 565-571.

18.

Hanselman, D.C., Brushless Permanent Magnet Motor Design. 1st ed. 1994: McGraw-Hill.

19.

Stephens, L.S. and D.G. Kim, Analysis and Simulation of a Lorentz-Type Slotless, SelfBearing Motor. IFAC paper, 2000.

20.

Casemore, M.A. and L.S. Stephens, Actuator Gains for a Toothless Permanent-Magnet
Self-Bearing Motor. IEEE Transactions on Magnetics, November, 1999. 35(6).

21.

Steele, B.A. and L.S. Stephens. A Test Rig for Measuring Force and Torque Production in
a Lorentz, Slotless Self Bearing Motor. in 7th International Symposium on Magnetic
Bearings. 2000. Zurich, Switzerland: ETH Zurich, Switzerland.

22.

Bronson, R., Schaum's Outline of Theory and Problems of Operations Research. 2 ed.
1997, New York: McGraw-Hill.

23.

Stephens, L.S., Design and Control of Active Magnetic Bearings for a High Speed
Machining Spindle, in Mechanical Engineering. 1995, University of Virginia.

24.

Stephens, L.S. and D.G. Kim. Dynamic Modeling and Validation of a Lorentz, Self Bearing
Motor Test Rig. in ASME International Gas Turbine and Aeroengine Congress and
Exhibition. 2001. New Orleans, LA., USA.

25.

Mulholland, J.E. and S.A. Cadogan, Intersatellite Laser Crosslinks. IEEE Transactions on
Aerospace and Electronic Systems, 1996. 32(3).

82

VITA
Barrett Alan Steele
Born October 29, 1974 in Ashland, Kentucky, USA.
Education:
Bachelor of Science in Chemical Engineering, 1997
University of Kentucky, Lexington, Kentucky.
Professional Positions:
Staff Engineer, Kenvirons, Inc., 1997-1998
Frankfort, Kentucky.
Scholastic and Professional Honors:
FarmHouse Fraternity Unsworth-Seath Scholarship, 1994, 1995.
Order of the Engineer, 1997
GAANN Fellowship, 1999-2002.
Engineer in Training, Kentucky #10932
Professional Publications:
Steele, B.A., Stephens, L.S. A Test Rig for Measuring Force and Torque Production in a Lorentz,
Slotless Self-bearing Motor. in 7th International Symposium on Magnetic Bearings. 2000. Zurich,
Switzerland: ETH Zurich, Switzerland.

Signed: Barrett A. Steele, 12/13/02

83

